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ABSTRACT 
This study ha6 been concerned with the design, development, and 
t e s t i n g  of a labora tory  model of a t h i n  f i l m  oxygen p a r t i a l  p r e s s u r e  
sensor.  Semiconducting  zinc  oxide  and t i n  oxide f i l m  were i n v e s t i -  
gated as the  eens ing  element. Zinc  oxide f i l m  at elevated temperatures  
were found to  expe r i ence  r ee i e t ance  changes  g rea t e r  t han  an  o rde r  of 
magnitude when cycled from N2 t o  O2 environments. The zinc oxide f i lms 
are r e l a t i v e l y  i n s e n s i t i v e  t o  o t h e r  g a s e s  s u c h  as N 2 ,  Ar, H e ,  C02. A 
t heo re t i ca l  d i scuss ion  o f  t he  phys ica l  mechanisms r e spons ib l e  fo r  t he  
observed phenomena is presented which is based on oxygen induced changes 
in the semiconductor donor and acceptor influences.  
A s u i t a b l e  f i l m  s u b s t r a t e ,  h e a t e r ,  e l e c t r i c a l  c o n t a c t i n g  t e c h n i q u e ,  
and  housing was des igned  and  fabr ica ted  in to  a sensing  head. The sensor  
head w a s  coupled with a con t ro l  un i t  fo r  ma in ta in ing  a cons tan t  opera t ing  
temperature   to   form  the  complete   sensor .  Tests were performed to  de te rmine  
t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  u n i t .  
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AN INVESTIGATION OF THIN FILM OXYGEN PARTIAL 
PRESSURE SENSORS 
By T. M. Royal, J. J. Wortman, 
and L. K. Monteith 
SECTION I 
INTRODUCTION 
The o b j e c t i v e  of t h i s  r e s e a r c h  h a s  b e e n  t o  d e t e r m i n e  t h e  f e a s i b i l i t y  
of u s ing  th in  f i lm  dev ices  as oxygen p a r t i a l  p r e s s u r e  s e n s o r s .  
It has been known s i n c e  t h e  e a r l y  1900's t h a t  oxygen in f luences  the  
e lectr ical  and opt ica l   p roper t ies   o f   z inc   ox ide   [Ref .  1 3 .  Limited  in- 
vestigations performed under an ear l ier  NASA study (NASA CR 66 306) 
showed t h a t  l a r g e  r e v e r s i b l e  c h a n g e s  i n  t h e  e lectr ical  conduct ivi ty  of 
t h in  z inc  ox ide  f i lms  were induced by changes i n  t h e  oxygen par t ia l  
pressure  to  which  the  f i lms  were exposed .  In  order  to  reach  equi l ibr ium 
in  r easonab le  times following an environment change, i t  was necessary 
t o  h e a t  t h e  f i l m s .  I n  t h e  p r e s e n t  s t u d y ,  t h e  p r e p a r a t i o n  of z inc  oxide  
f i lms  and  the i r  e l ec t r i ca l  behav io r  i n  va r ious  env i ronmen t s  have  been  
s tudied .  
Although much has  been  publ i shed  on  the  e lec t r ica l  p roper t ies  of 
z i n c  o x i d e  s i n g l e  c r y s t a l s  and f i l m s ,  t h e r e  a r e  many contradict ions and 
i n c o n s i s t e n t  r e s u l t s .  T h i s  is because much of t h e  work predates  both 
t h e  a v a i l a b i l i t y  of pure mater ia ls  and adequate  measurement techniques.  
One cons is ten t  observa t ion  is  t h a t  t h e  h i s t o r y  of exposure of a sample to 
oxygen has  an  impor tan t  e f fec t  on t h e  electrical  and photo-properties of 
the  mater ia l .  
In  th i s  s tudy ,  ox ide  f i lms  have  been  prepared  by oxid iz ing  z inc  f i l m s  
a t  e leva ted  tempera tures .  Thei r  e lec t r ica l  conduct iv i ty  has  been  measured  
as a function of temperature,  oxygen p a r t i a l  p r e s s u r e  and other  a tmospheric  
c o n s t i t u e n t s .  The t i m e  response  fo l lowing  par t ia l  p ressure  changes  has  
a l so  been  inves t iga t ed  as a function of temperature and environmental 
changes. 
Exper imenta l  inves t iga t ions  have  a l so  been  made on t i n  o x i d e  f i l m s  
to  de t e rmine  the i r  po ten t i a l  u se fu lness  as oxygen p a r t i a l  p r e s s u r e  s e n s o r s .  
It appea r s  t ha t  z inc  doped t i n  o x i d e  is  s e n s i t i v e  t o  oxygen p a r t i a l  
pressure.  However, t he  f i lms  are d i f f i c u l t  t o  p r e p a r e  i n  a c o n s i s t e n t  
manner . 
A de ta i l ed  sea rch  o f  t he  l i t e r a tu re  has  been  made as a p a r t  of a 
theo re t i ca l  s tudy .  Based  on previous works and the present experimental  
observat ions,  a theore t ica l   t rea tment   o f   the  phenomena is presented.  The 
model  is  based  on  oxygen  induced  changes  in  the  donor  and  acceptor 
contributions  to  the  electrical  conductivity  of  the  semiconducting  films. 
Although  the  mechanisms  involved  are  complex  and  difficult  to  describe 
analytically,  the  model  is  consistent  with  experimental  observations. 
Much  effort  has  been  directed  toward  designing  and  fabricating  a 
laboratory  sensor. This has  required  the  development  of  techniques  for 
depositing  the  films,  heating  the  films,  providing  reliable  electrical 
contacts,  and  for  constant  temperature  control. 
Extensive  tests  on  a  laboratory  model  of  the  sensor  have  been  per- 
formed  in  order  to  determine  its  operating  characteristics.  These  tests 
indicate,  with  the  one  disadvantage of a long time  constant,  zinc  oxide 
thin  film  partial  pressure  sensors  appear  very  promising.  Some of the 
attractive  features  are  its  simplicity,  potential  small  size, low power, 
and  large  dynamic  range. 
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SECTION I1 
SEMICONDUCTING FILMS 
Experimental 
Zinc oxide f i lms were prepared by oxidizing zinc f i lme in  oxygen 
a t  e levated temperatures .  The z inc  f i lme  were prepared using s tandard 
vacuum evapora t ion  techniques .  Three  d i f fe ren t  typeo  of  eubet ra tee  
were used  fo r  ouppor t ing  the  th in  f i lms  o f  z inc .  The f i r s t  t y p e s  were 
very thin Pyrex equaree 2.2  cm on each s ide.  Zinc exhibi ted very good 
adherence  to  Pyrex  but  there  eubet ra tee  l imi ted  the  oxida t ion  tem- 
p e r a t u r e  t o  lees than 5 5 O o C ,  the  sof ten ing  tempera ture  of  Pyrex  g lase .  
A t  th i s  tempera ture  i t  ie d i f f i c u l t  t o  c o m p l e t e l y  o x i d i z e  t h e  z i n c  f i l m .  
The eecond Substrate  material i n v e s t i g a t e d  was q u a r t z ,  a l e o  i n  
t h e  form  of 2.2 cm equaree.  Theee substrates  a l lowed higher  oxidizing 
temperatures, however, even with elow cooling, severe peeling and cracking 
deotroyed  the  f i lme.  Thio war due to  the  the rma l  miematch  of t h e  two 
materials, 
The t h i r d  e x p e r i m e n t a l  o u b r t r a t e  wao 96% pure alumina sheet approxi- 
mately 2.0 cm square and 0.1 cm th ick .  The a lumina  subs t ra te  proved  to  be  
compat ib le  wi th  the  z inc  oxide  th in  f i lmr  for  a l l  proceeoer ured i n  f a b r i -  
c a t i n g  t h e  oxygen eeneor .  Zinc oxide had excel lent  adherence character is t ic8 
on the alumina equaree.  The s u r f a c e  was s l igh t ly  roughe r  than  e i the r  Pyrex  
o r  qua r t z .  
For e lectr ical  con tac t e  to  the  z inc  ox ide ,  two types  of  meta l l iza t ione  
were invee t iga ted .  The f i r r t  was a f i r ed -on  con tac t  u s ing  l i qu id  b r igh t  
gold  acroes  each  end of t he  oube t r a t e .  A t  the  e leva ted  tempera tures ,  the  
gold  contac ts  degraded  in  a few dayr. When l i q u i d  b r i g h t  p l a t i n u m  wae 
eube t i tu t ed  fo r  t he  go ld  and  the  con tac t s  were f i red-on  the  eubot ra te  
p r i o r  t o  e v a p o r a t i n g  t h e  z i n c ,  e x c e l l e n t  e lectr ical  contac te  were obtained.  
Theee did not  degrade l ike the gold contact . .  The l i q u i d  b r i g h t  p l a t i n u m  
a r e a  is f i r e d  a t  45OoC i n  a i r  and cooled a t  approximately 100°C per hour.  
The a lumina  subs t ra tes  were u l t r a son ica l ly  c l eaned  wi th  de t e rgen t ,  
water, and  a l coho l  be fo re  be ing  p l aced  in  the  vacuum s y s t e m  f o r  t h e  z i n c  
evaporation.,  The z i n c   f i l m  were prepared in  thickneeeee ranging from 
500 t o  1000 A w i t h  a vacuum of a t  least torr .   Fi lm8  thicker   than  1000 
were aleo prepared and evaluated.  Theee thicker  f i lms were v e r y  d i f f i c u l t  
t o  o x i d i z e  and aleo ehowed very long reeponee times and decreased 
s e n s i t i v i t y .  The condensation rate o f  t he  z inc  on  the  subs t r a t e  was found 
t o  be very dependent upon temperature and previous surface treatments of 
t he  subs t r a t e .  Fo r  example, one surface tre5tment which w a s  used  requi res  
precoa t ing  the  substrate w i t h  a t h i n  (< 100 A) silver l a y e r  t o  e n h a n c e  uni- 
form  condensation  of  the  zinc  [Ref.  21. Cooling the s u b s t r a t e  also h e l p s  
i n  obta in ing  uni form f i lm th ickness .  A f e w  evaporat ions were performed 
3 
L 
successfully  without  precoating  with  silver,  however,  most  samples  showed 
regions  of  nonuniform  thickness  €or  both  cooled  and  uncooled  samples. 
The  substrates  were  masked  for  evaporation  by  attaching  glass  slides 
to  the  substrate.  In  order  to  cool  the  substrate, it was  attached  to a 
cold  plate  of  large  thermal  mass  which  was  cooled  with  liquid  nitrogen. 
The  films  were  prepared using 99.99% purity  zinc  evaporated  from a ceramic 
crucible  heated  with a helical-wound  tungsten  filament  or  directly  from a 
tungsten  boat.  The  particular  source  had  no  effect  on  film  quality. 
In  preparing  thin  films  of  zinc,  the  diffusion  of  zinc  vapor  creates 
additional  problems  that  do  not  occur  when  evaporating  lower  vapor  pres- 
sure  metals  such  as  aluminum,  silver,  tin,  gold,  and  nickel.  Electrical 
feedthrough  insulators  in  the  vacuum  chamber  ate  plated  and  require 
cleaning  after  every  evaporation.  Zinc  seems  to  coat  almost  everything  in 
the  vacuum  chamber  except  the  substrate.  Even  the  use  of a directional 
source  such  as a ceramic  crucible  with a restriction  at  the  vapor  exit 
did  not  prevent  shorting  of  electrical  connections  in  the  system  thus 
negating  the  use  of a crystal  mass  monitor  to  measure  the  film  thickness. 
After  evaporation  the  samples  were  placed  in  an  oxygen  atmosphere  in 
a tube  furnace  at a temperature  of  approximately 27'C. The  temperature 
was  increased  at a rate  not  exceeding  300°C  per  hour to a maximum of 600°C 
where  it  was  held  for a period  of 4 to 8 hours. A four-hour  oxidation 
periog  was  generally  sufficient  to  oxidize  films of a thickness  less  than 
1000 A.  The  films  were  considered  to  be  completely  oxidized  when  the  oxide 
film  appeared to be  translucent  or  transparent  depending  upon  the  initial 
thickness  of  the  film. 
The  films  were  evaluated  in a tube  furnace.  The  total  gas  pressure 
in  the  tube  was  maintained  at  one  atmosphere  with  different  partial  pres- 
sures  obtained  by  mixing.  The  gas  percentages  were  determined  with  ordinary 
glass  flow  meters ( 5 %  accuracy).  Flow  rates  were  kept  low so that  cooling 
effects  on  the  films  were  reduced.  Electrical  connections  were  made to the 
platinum  film  contacts  by  gold  pressure  contacts. 
Two types  of  electrical  measurements  were  made  on  zinc  oxide  films: 
(1) electrical  conductance,  and (2) photoconductance.  The  electrical 
conductance  (dark  current)  was  found  to  vary  over  several  orders f mag- 
nitude  depending  on  temperature,  time,  and  gas  environment.  The  results 
obtained  from  the  measurement  of  conductance  as a function of temperature 
for  the  various  environments  can  be  divided  in  general  into two ca egories: 
(1)  transitory  (seconds  to  minutes),  and (2) equilibrium  (minutes to hours). 
The  equilibrium  conditions  will  be  discussed  first. 
Equilibrium  Conditions. - Figure 1 shows a typical  plot  of  log ccq- 
ductance  as a function of reciprocal  temperature  for  various  oxygen  partial 
pressures.  When  temperature is increased  from  room  temperature  with  the 
films  in  oxygen,  the  conductivity  first  increases to a maximum  then  de- 
creases,  and  then  increases  again  for  higher  temperatures.  The  maximum 
occurs at approximately 500'K and  the  minimum  at 650'K. As shown  in  Fig. 1, 
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Figure 1. Electrical Conductance of Zinc  Oxide vs. Increasing Temperature 
for Various Partial Pressures of Oxygen 
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at  a  constant  temperature  the  film  conductance is a strong  function of the 
oxygen  partial  pressure.  For  example,  at  700°K  a  change  from  25% O2 - 75% 
N mixture  to 100% O2 - 0% N  results in a  factor  of  three  decrease in the 2  2 
film  conductance.  As  also  can  be  seen  from  Fig. 1, the  conductivity  de- 
pendence  on  oxygen  partial  pressure  is  temperature  dependent. 
The  variation  of  the  conductivity  with  oxygen  partial  pressure is 
shown  on  a  semi-log  graph  in  Fig.  2. Two different  samples  are  shown in 
the  figure  and  as  can  be  seen  the  slopes  are  the  same  for  the  temperatures 
shown.  The  conductivity  differs  for  the two samples  by  an  order  of  magnitude 
and  is  a  result  of  the  film  thickness.  The  thinner  the  film,  the less the 
conductance.  Efforts  were  made  to  determine  the  effect  of  film  thickness 
on  the  phenomena.  Attempts  to  make  several  films  of  various  thicknesses 
on  a  single  substrate  for  testing  were  not  successful  due  to  the  difficulties 
of  making  consistent  zinc  films.  By  evaluating  films  made  on  different 
substrates  and  tested  at  different  times  such  as  those  of  Fig.  2,  it  was 
possible  to  draw  some  conclusions. A6 already  stated,  the  slopes  of  con- 
ductance  as  a  function  of  temperature  are  parallel  for  various  film  thicknesses 
and  conductances.  The  major  effect  of  film  thickness  appears  to  be  a  re- 
duced  time  response  with  increased  film  thickness.  For  a  sensor  application 
the  thinner  the  film  the  better  the  response  time.  This  is  a  very  difficult 
parameter  to  control  using  the  present  film  preparation  technique.  Reactive 
sputtering  may  be  a  superior  way  to  control  film  thickness. 
Shown  in  Fig. 3 is  the  effect  of  slowly  heating  and  cooling  in  N  on 2 
a  fi'lm  that  was  previously  annealed in oxygen  and  allowed  to  cool  slowly 
in the  oxygen  environment.  Note  the  large  separation  between  the  heating 
and  cooling  curves  at  low  temperature.  The  change  in  slope  of  the  curves 
below  the  maximum  deviates  in  the  case  of  N  (zero 0 ) from  thzt  exhibited 
by 0 pressures  as  is  seen  in  Fig. 1. 2 2 2 
The  data  presented  in  Figs. 1 and 3 were  obtained  from  meaRurements 
in  which  the  sample  was  allowed  to  reach  equilibrium  following  any  tem- 
perature  change.  At  the  low  temperatures  the  equilibrium time was  very 
long  (days).  Also,  the  temperature  was  increased  and  decreased  in  small 
steps  and  the  sample  was  allowed  to  reach  equilibrium  at  each  temperature 
(data  point). The  variation  of  conductance  as  function  of  time  for  a 
typical  sample  is ham in  Fig. 4 for  one  atmosphere of Ar, 02,  N2,  and  He 
in  turn.  The  response  time i s  different  for  each gas. 
Figures 5 and 6 are  plots  of  conductance  as  a  function  of  log  time 
for a sample  cycled  from  N  to O2 and  from 0 to N2.  The  response  times 2 2 
are  much  longer  for  a  decrease  in  oxygen  partial  pressure  than  they  are 
for  an  increase.  Figure 7 shows  the  response  for  a  change  from O 2  to C 0 2 ,  
Ar,  and  He.  Note  that  at  long  times  the  slopes  are  the  same  while  at  short 
times  they  differ.  Typical  response  times  for  changing  from  one  atmosphere 
of  N2  to  one  atmosphere  of 0 are  approximately 70 seconds  to  reach 63% of 
the  final  value,  while  a  change  from 0 to N is approximately 10 eeconds. 
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Figure 7. Transient  Electrical  Conductance  for  an  Environment  Change  from  Oxygen 
to Inert  Gases 
Transient  Effects. - In the  preceding  discussion,  the  equilibrium 
effects  were  discussed.  The  conductivity  dependence  on  temperature  for 
the  various  environments is a  function  of  time. As one  might  expect,  if  the 
conductivity is not  allowed  to  stabilize  following a temperature  change, 
the  temperature  dependence  is  drastically  altered. 
Figure 8 is a  plot of conductivity  as  a  function  of  reciprocal  tem- 
perature  for  various  temperatures, 0 and N environmente,  and  rate 
conditions.  The  action  starts  on  the  lower  curve  at 10 /T = 1.5 in  an O2 
environment  (curve 1). Temperature is decreased  in  two  minute  intervals 
with  a  total  time  lapse  of  approximately 1 hour  to  reach  the  low  temperature. 
A 1 hour  lapse  with  a 20 minute N2 treatment  resulted  in  the  interim  between 
curve 1 and  curve 3.  Curve 3 represents  an  increasing  temperature  in 0 with 
2 minute  intervals  and  approximately 1 hour  to  reach  the  high  temperature 
end.  Following  curve 3, the  environment  was  switched  to N2 and  allowed  to 
stabilize  for  15  hours.  Curve  5  represents  a  decreasing  temperature  in N2 
with 30 minute  intervals  with  a  total of approximately 8 houre.  At  the  low 
end of curve 5 the  sample  remained  in N for 16 hours  to  reach  the  top of 
curve 7. Curve 7 represents  another  decrease  at 30 minute  intervals.  Curve 
9 immediately  followed  curve 7 and  represents  an  increasing  temperature  at 
2 minute  intervals.  At  the  top  of  curve 9 a 1 hour  and 30 minute  time 
elapsed.  Curve 11 represents  a  decreasing  temperature  at 2 minute  intervals 
2  2 3 
2 
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The  data  presented  in  Fig. 8 shows  the  wide  variety  of  conditions  pos- 
sible  if  equilibrium  is  not  allowed to occur  between  changes.  Several  factors 
are  important  in  the  data of Fig. 8. For  example,  it is rather  odd  that  most 
of the  slopes  are  approximately  the  same  with  the  exception of the  high  tem- 
perature  curves  of  5  and 9 .  Also  note  the  lack of a  minimum  and  maximum  in 
curves 1, 3,  and 11. The  minimum  and  maximum  occurred  only  during  a  rather 
slow  run  and  immediately  following  the  slow  run  in  which  the  temperature  was 
started  from  the low end.  All  fast runs which  starting  from  the  high  tem- 
perature  end  resulted  in  no  inflection  points. 
Photoconductivity  Measurements. - In  addition to testing  the  zinc  oxide 
films at~eleyated temperatures  by  observing  the  electrical  conductivity  as  a 
function  of  oxygen  partial  pressure,  photoconductivity  measurements  were 
performed  on  zinc  oxide  films.  The  photoconductivity  was  measured  using  a 
xenon  lamp  with  a  flash  rate  of  approximately  ten  flashes  per  second.  The 
sample  holder  and  circuit  shown  in  Fig. 9 was used  to  monitor  the  photo- 
current  while  the  film  was  exposed  to  various  gas  environments  at  an  ab- 
solute  pressure  of 1 atmosphere.  Care  was  taken to prevent  illumination 
of  the  contact  region  from  xenon  source.  The  illuminated  area  on  the  zinc 
oxide  was  approximately 0.5  cm . The  duration  of  the  xenon  flash  was 
approximately  three  microsecondo.  Typical  oscilloscope  tracee  of  the  photo- 
current  are  shown  in  Figs. 10 and 11 for  nitrogen  and  oxygen  ambients  at 
27OC.  Resistance  changes of approximately 15% were  observed  between 100% 
nitrogen  and  oxygen  environmente. 
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Figure 8. Conductance VB. Temperature ae  a Function of Various Heating 
and  Cooling  Ratee 
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Figure 9. Photoconductivity  Sample  Holder  and  Circuit  Arrangement f o r  
Measuring  Photoresponse of Zinc  Oxide  in  Nitrogen  and  Oxygen 
Environments 
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Figure 10. Typical  Photoconductivity  Response of Zinc  Oxide  Exposed to an 
Oxygen  Environment.  Horizontal - 20 psec/div.,  Vertical - 
0.2 pamp/div., Base  Line - 0.5 div. from  Top  Grid  Line. 
Figure 11. Typical  Photoconductivity  Response of Zinc  Oxide  Exposed  to  a 
Nitrogen  Environment.  Horizontal - 20 psec/div.,  Vertical - 
0.2 pamp/div., Base  Line - 0.5 div.  from Top Grid  Line. 
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Two significant  advantages  of  observing  the  photoconductivity  at 
room  temperature  rather  than  the  electrical  conductivity  at  an  elevated 
temperature  is  the  elimination  of  the  power  required  for  the heaterand 
the  necessity  of  providing  reliable  high  temperature  electrical  contacts 
to  the  sensing  film.  Further  advantages,  perhaps  a  shorter  response 
time,  may  be  possible  by  utilization  of  the  photoresponse  of  zinc  oxide. 
Tin  Oxide. - Thin  films  of  tin  were  prepared  using  Pyrex  substrates 
with  liquid  bright  platinum  contacts.  After  vacuum  evaporating  the  tin 
films  in  the  same  system  used  for  zinc,  the  films  were  oxidized  in  a 
tube  furnace  at  approximately 300°C for  about 8 hours.  The  electrical 
conductance  of  the  tin  oxide  films  when  exposed  to  oxygen  and  nitrogen 
is  shown  in  Fig.  12.  To  produce  better  tin  oxide  films,  later  evaporations 
were  made  in  a  vacuum  system  that  was  free  of  zinc  contamination.  The 
purer  tin  oxide  films  were  much  less  sensitive  than  the  films  contaminated 
with  zinc.  Attempts  to  make  zinc  doped  tin  films  reproducible  were 
unsuccessful. 
Photoconductivity  measurements  by  Matthews  [Ref. 31 indicate  a  photo- 
decay  with  a  dependence  upon  oxygen  partial  pressure  for  samples of tin 
oxide  and  tin  oxide  doped  with  zinc.  The  tin  oxide  films  with  small  amounts 
of  zinc  possessed  much  shorter  response  times  than  those  of  pure  zinc.  The 
doped  film  was  measured  at 270°C while  zinc  oxide  films  are  normally  tested 
at 400°C. The  stability  of  the  tin  oxide  films  doped  with  zinc  was  very 
poor  compared  to  zinc  oxide  films. 
Theoretical  Discussion 
As illustrated  by  the  data  in  the  preceding  sections,  the  phenomena 
involved  in  the  zinc  oxide  films  are  complex.  In  particular,  the  maximum 
followed  by  the  minimum  in  the  conductivity-temperature  data  and  its  de- 
pendence  on  oxygen  pressure  eliminates  any  simple  explanation  of  the 
results.  Numerous  attempts  have  been  made  to  understand  the  underlying 
physical  mechanisms  responsible  for  this  behavior. A thorough  review  is 
given  by  Heiland,  Mollwo  and  Stbckmann  [Ref. 11 Many  of  our  observations 
have  been  observed  by  other  workers  in  both  single  crystals  and  thin  films. 
No attempt  is  made  here  to  review  all of this  prior  work,  instead  a  physical 
model  for  the  phenomena  is  proposed  and  compared to other  models  where 
appropriate. 
General  Model. - The  semiconducting  properties  of  zinc  oxide  give  it 
the  special  properties  observed  experimentally. It may  be  described  with 
equal  validity  either  in  semiconductor  terminology r with  chemical  models. 
It  is  most  appropriate  here  to  discuss  it  in  terms  of  the  laws  of mass 
action  since  only  oxygen  and  zinc  are  involved  in  the  system. 
\. 
Zinc  oxide  (ZnO)  crystallizes a an  ionic  crystal  in  the  hexagonal 
wurtzite  lattice  in  which  the  oxygen  ions  are  in  the  hexagonal  closest 
packed  arrangement.  Being  a  semiconductor  means  that  any  imperfections, 
defects,  impurities  or  lack  of  etoichiometry  in  the  system  results  in 
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Figure 1 2 .  The Conductivity of Tin Oxide Doped with Zinc f o r  Oxygen and Nitrogen 
Environments 
important  changes i n  t h e  e lectr ical  p r o p e r t i e s .  Only t h e  excess o r  
deficiency of zinc and oxygen need be considered here.  These stoichio- 
metric d e f e c t s  exist as i n t e r s t i t i a l s ,  s u b s t i t u t i o n a l s ,  o r  vacancies i n  
t h e  c r y s t a l l i n e  la t t ice .  
As i n t e r s t i t i a l s ,  . z i n c  atoms can behave as donors, i .e .  , ion ize  and  
g ive  up e l e c t r o n s  t o  t h e  lat t ice.  Oxygen o n  t h e  o t h e r  h a n d ,  i n  i n t e r s t i t i a l  
form,  behaves as an   acceptor ,  i .e . ,  i t  ties up an  e l ec t ron .  The i r  r eac t ions  
may be expressed as: 
X 
Zn. + Zn + e , + -  
I f  i 
and 
X '  + o - + e  + , O i - t  i 
ox 0" + 2e , + 
i i  
where Zn 0 .  are n e u t r a l  i n t e r s t i t i a l  atoms  and Zni,  Zni , O i ,  Oi are i o n s ,  
e is  an  e l ec t ron ,  and e+ is a ho le ,  t he  X i n d i c a t e s  n e u t r a l .  
x x  + " k - - -  
i' 1 - 
The r o l e  of s u b s t i t u t i o n a l  d e f e c t s  is neglec ted  here  s ince  both  types  
would r e q u i r e  t h e  e x i s t e n c e  of s p e c i a l  v a l e n c e  states. These are improbable. 
The th i rd  type  of poss ib l e  de fec t  i s  the  vacancy.  Zinc  and  oxygen  vacancies 
are not  l ike ly  to  occur  s imul taneous ly .  An anion vacancy acts  as  a donor: 
where 0 is  t h e  oxygen  vacancy. 
V 
S ince  the  f i lms  are made by oxid iz ing  a z i n c  f i l m  a t  e l e v a t e d  tem-  
pera tures ,  i t  is probable and w i l l  b e  assumed here  tha t  an  excess  of  z inc  
atoms are trapped as i n t e r s t i t i a l s  i n  t h e  ZnO lattice. This  assumption  has ' 
been  ve r i f i ed  by o the r  worke r s  fo r  similar samples  where  an  in t e r s t i t i a l  
dens i ty  of 8 x 10 / c m  w a s  determined  [Ref. 41. 17 3 
With excess  z inc ,  t he  dominan t  con t r ibu to r s  t o  e l ec t ron ic  behav io r  
are: (1) z i n c   d o n o r s   i n   i n t e r s t i t i a l  sites, (2) oxygen  vacancy  donors, 
and (3) oxygen i n t e r s t i t i a l   a c c e p t o r s .  The donors  predominate  and  the 
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conductivity  is  electronic  or  n-type.  The  fact  that  zinc  oxide  is  an 
n-type  semiconductor  has  been  reported  by  numerous  workers  who  used  Hall 
effect  measurements  [Ref. 11. 
From  the  laws  of  mass  action,  the  association  rate  must  equal  the 
disassociation  rate.  For  interstitial Zn, the  disassociation  process  is 
Disassociation = 1, . 
3 N X -  T Zni cm  -sec 
The  association  process  is 
Association 
3 
= y n N  + .  Zn cm  -sec  i 
In  the  above  equations T is  the  lifetime  of  the  undisassociated  zinc, 
N X is  the  number  of  zinc  atoms,  y is the  recombination  coefficient  for 
Zn, 
3. + the  Zni  and  the  electron,  and  n  is  the  electron  concentration.  Since  the 
disassociation  rate  at  equilibrium is equal  to  the  association  rate 
NZnx = n y T N zn+ 3 i  i 
or 
5 NZnx = n N + , 
i  Zni 
where l$, is  the mass action  constant. 
It can  be  shown  that  [Ref. 51 
where E is  the  disassociation  energy  of  the  donor,  and  Nc  is  the  effective 
density  of  states  in  the  conduction  band.  Below  the  melting  point  it  is 
assumed  that  the  total  number  of  zinc  atoms  is  constant: 
d 
N = N  + + N  x .  (12) Zn,  Zn,  Zn, 
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Combining Eqs. (10)  and (12) gives  
For  s impl i c i ty  l e t  N + = ND+ which gives: 
Zni 
A similar argument  can be used for  acceptors  to  give [Ref .  51 
and 
where N is  the  accep to r  dens i ty ,  N i s  the  dens i ty  of states i n  t h e  v a l e n c e  
band, p is the   ho le   concent ra t ion ,   and  E is  the   ac t iva t ion   energy .   These  
expressions are v a l i d  f o r  n << NC and p << N See Fig.  13 f o r  a ske tch  
of the energy band picture .  
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Figure 13. Band Model 
Invoking  charge  neut ra l i ty  g ives  
- 
NA + n = N D  + p .  + 
The e l ec t ron  concen t r a t ion ,  n, i s  given by 
where 4 i s  the  Fermi  energy. The ho le  concen t r a t ion  i s  
p = NV expi- 3 1  , 
where E is  the  energy  gap. 
g 
Combining  Eqs. (14), (16), (17),   (18),   and  (19)  gives 
NC exp(kT) - N~ exp L
l + 2 e x p  
kT 
Equat ion (20)  descr ibes  the Fermi energy for  both donor  and acceptors  in 
the  sample.   Needless t o  say,  Eq. (20) i s  very complex t o  s o l v e  f o r  4.  
Once 4 is obtained, however, i t  can be used to  evaluate p and n which are 
two of  the  f ac to r s  needed  in  desc r ib ing  the  conduc t iv i ty .  
S e v e r a l  s p e c i a l  cases are of i n t e r e s t  h e r e .  
Case A. - Near i n t r i n s i c  which occurs when t h e  number of donors canal 
t h e  e f f e c t s  o f  t h e  a c c e p t o r s  o r  a t  high temperatures where the donors and 
acceptors  are not   important .  From  Eq. (20) i t  is  s e e n  t h a t  i f  p = n ,  
assuming N = NV = N ,  4 is e q u a l  t o  E 1 2 .  This  g ives  
C i3 
p = n = ~ e x p - &  r1 . 
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4 
N exp($/kT) - N e-[- 3 1  - ND + NA = 0 . 
Combining  Eqs. (18)  and  (19),  and  (20)  and  (22)  gives 
I f  t h e  h o l e  a n d  e l e c t r o n  m o b i l i t i e s  are assumed t o  b e  e q u a l  t h e n  t h e  
electrical  conduct iv i ty  becomes 
Case B. - Heavy compensations where N and NA d i f f e r  on ly  by  a few D 
percent  with ND t he  l a rge r  and  no t  comple t e ly  ion ized .  In  th i s  case, 
combining Eqs . (18) and (20) gives 
ND - NA n =  1 + (NA/2N) exp(Ed/kT) (25) 
When Eq. (25) is v a l i d ,  p may o r  may not  be  negl ig ib le ,  depending  on t h e  
difference  between N and N and their   magni tudes.  A s  can   be   seen   in  
Eq. (25) , n will sa tura te  wi th  tempera ture  to  the  va lue  N D - NA' By 
making use  of  Eqs.  (24)  and  (25)  the  conductivity  can  be  plotted  over i ts  
D A 
en t i r e   r ange .   Ac tua l ly  N is e q u a l   t o  2 O 3 l 2  . 2  which is temperature 
h 
dependent. Compared t o  t h e  e x p o n e n t i a l s ,  t h e  T 3 l 2  dependence is n e g l i g i b l e .  
Using Eqs. (24)  and  (25)  one sees t h a t  as temperature  increases  f rom some 
low value,  a p lo t  of  the  log  of  conduct iv i ty  versus  rec iproca l  tempera ture  
w i l l  i n c r e a s e  w i t h  a s lope  of  Ed, s a t u r a t e  t o  ND - NAY and then increase a t  
a s lope of  E /2. 
g 
Comparison with Experiment. - The preceding discussion is  s u f f i c i e n t l y  
genera l  to  apply  to  z inc  oxide  or  any  o ther  semiconductor .  A comparison of 
the  exper imenta l  equi l ibr ium da ta  wi th  the  theore t ica l ly  pred ic ted  s lopes  
shows t h e r e  are some comparisons.  For  example, a t  high  temperature   ( region 
I of Fig. 1) a comparison shows tha t  t he  f i lms  shou ld  have  a band gap of 
approximately 2 eV. Th i s  va lue  ag rees  wi th  da t a  ob ta ined  by  op t i ca l  means 
[Ref. 61. 
Below  the  intrinsic  region  (region I1 of  Fig. 1) the  films  show  de- 
creasing  conductivity  with  increasing  temperature. In thio  same  range  the 
theory  predicts  a  steady  state  or  saturated  conductivity.  Actually  the 
mobility  decreases  with  increasing  temperature in this  temperature  range, 
however,  the  magnitude  is  not  enough  to  explain  the  effects  observed 
[Ref. 61. In  this  region  the  experiment  differs,  therefore,  from  the 
theory. 
At  still  lower  temperatures,  the  film  conductivity  decreases  again 
as  predicted  by  the  theory.  However,  the  slopes  are  different  for  the 
film  depending  on  whether  or  not  it  is  in  oxygen  or  nitrogen.  In  nitrogen 
the  slope  corresponds  to  a  donor  energy  of 0.14 eV.  The 0.14 eV  has  been 
measured  by  other  workers  in  single  crystals of zinc  oxide  as  well  as  in 
films  and  has  been  identified  as  the  zinc  activation  energy. 
The  general  semiconductor  theory  seems  to  hold  for  high  temperatures 
(intrinsic)  at  equilibrium  and  at  low  temperatures  (donor  dominated)  for 
nitrogen  environments. It does  not  hold  in  the  intermediate  temperature 
range  nor  is  it  valid  for  the  low  temperature  oxygen  environment.  The 
almost  constant  slope  exhibited  for  the  total  range  in  the  transient  case 
is  slightly  lower  than  the  energy  gap. 
An  explanation  of  these  anomalous  results  must  be  explained  by 
mechanisms  other  than  that  exhibited  by  simple  semiconductors.  Some 
possibilities  are  given in the  following  discussion.  The  unexpected 
negative  temperature  coefficient  of  conductivity  (region I1 of Fig. 1) is 
considered  first  and  is  called  a  modified  general  model.  Then  the  influence 
of  oxygen  on  the  conductivity  is  considered. Two different  models  are 
presented  for  the  oxygen  influences: (1) oxygen  diffusion  into  the  bulk, 
and  (2)  surface  adsorption  of  oxygen  resulting  in  electron  robbing  from 
the  bulk. 
Modified  General  Model. - The  negative  temperature  coefficient  of 
conductivity  (region I1 of  Fig. 1) can  be  explained  if  the  acceptor  con- 
centration N is  temperature  dependent.  In  other  words NAwill be  allowed A 
to  vary  with  temperature. 
Using  Eqs.  (24)  and  (25)  and  permitting  the  acceptor  concentration  NA 
to  vary  with  temperature  the  observations  in  nitrogen  can  be  consistently 
explained.  For  the  steady  state  observations  at  the  higher  temperatures 
near  intrinsic  (region I) and  near  the  minimum  conductivity  (region 11)
one  obtains  from  Eq.  (24) 
" 
dT 
" exp(-  Eg/2kT) . 1 (26) 
Clearly  in  the  intrinsic  region  da/dT  is  positive  or  given  in  the  usual 
manner  as  dlogo/d(l/kT) = - Eg/2.  Also  there  is  a  minimum  at  a  given 
temperature  defined  by  do/dT = 0 .  
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At  temperatures  below  the  minimum,  the  slope  is  defined  by  the 
difference  in  the  donor  and  acceptor  concentrations and the  rate  of  change 
in  the  acceptors  with  temperature.  In  this  temperature  range  zinc  oxide 
is  n-type.  Therefore,  N > N and we are  forced  to  admit  an  increase  in 
N with  increasing  temperature  to  obtain  the  negative  slope  as  observed. 
The  acceptor  concentration  increasing  with  increasing  temperature  in  the 
N environment  must  be  related  to  the  disassociation  and  rearrangement 
processes  previously  discussed.  The  diffusion  of  dissolved  oxygen  into 
interstitial  sites  is  one  possibility.  Admittedly  this  is  a  tenuous 
assumption  since we  have  no  direct  measure  of  such  an  effect or that it 
would  be  reversible.  Another  possibility  is  vacancy  formation  due to 
thermal  disassociation  of  the  zinc  oxide  lattice.  From  the  present  data, 
a  definitive  statement  concerning  the  nature  of  the  change  in  acceptors 
with  temperature  cannot  be  made.  However,  the  agreement  at  lower  tem- 
peratures  between  the  proposed  model  and  the  observations  provides  major 
support  for  extending  the  analysis  to  higher  temperatures. 
D A  
A 
2 
In  the  low  temperature  range,  the  measured  activation  energy  corresponds 
to reported  values  for  the  reaction,  Zn 2 Zn + e-.  Analytically,  this  can 
be  treated  using  Eq. (25). At  temperatures  where  2NC/NA >> expE  /kT  one 
obtains 
+ 
D 
Again  when  n N (region  11)  the  slope of conductivity  versus  temperature 
i s  negative.  Over  a  limited  temperature  range  in  region  I1  the  decrease  in 
conductivity,  hence  the  increase  in  acceptor  concentration,  follows  an 
Arrenhius  plot  and  provides  some  confidence  in a thermal  activation  process 
such  as 
o A  
- EA/kT - 
NA - NAo e 
to  describe  the  average  acceptor  density.  The  energy  is  the  energy of 
formation  for  N  From  Eq. (27) the  maximum  in  conductivity  with  temperature 
can  be  obtained  using  dNAo/dT = 0. Using Eqs. (27) and  (28)  and  assuming 
ND > NA  the  peak  should  occur  at 
A' 
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In  r eg ion  111, the  n i t rogen  env i ronmen t  da t a  can  be  exp la ined  i n  a con- 
s i s t e n t  manner using Eq. (25). When NA/2N exp(Ed/kT) > 1 t h e  usua l  r e s u l t  
dloga/d( l /kT) = - Ed is obtained.  From Fig. 3, t h i s  t u r n s  o u t  t o  b e  0 . 1 4  e V  
i n  agreement  with  published  values.  From t h e  r e s u l t s  i n  F i g .  3, t h e  con- 
duc t iv i ty   o f   t he   s ample   has   been   e s t ima ted   t o   be  .5(Q-cm) a t  316'K. 
Using a mobili ty of 200 c m  / vo l t - sec  the  f r ee  e l ec t ron  concen t r a t ion  i s  
5 X 1016cm"3. Using Eq. (25) , t h e  r a t i o  ND/NA is e q u a l  t o  1 .14 ,  assuming 
the  va lue  N = 1019cm-3. Therefore,  a 14% compensation is r e a l i z e d  i n  t h e  
bulk  z inc  oxide  f i lms  as prepared using the oxidat ion technique.  
-1 
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The donor  concentration N can  be  estimated  using Eq. (29)  where D 
2NCEA ND = -
Ed 
exp - (Ed/kTImax . 
Assuming E 2 eV,  one  obtains N 10 " ~ m - ~ .  Therefore,   about 1 p a r t   i n  
10 of  the  depos i ted  z inc  was not  oxidized during the high temperature  
t reatments .  
A D 4 
By modify ing  the  genera l  theory  to  account  for  a temperature dependent 
acceptor  dens i ty ,  i t  i s  poss ib le  to  expla in  the  dependence  of  conduct iv i ty  
on t empera tu re  i f  time is  a l lowed for  equi l ibr ium to  be  reached  fo l lowing  
any changes. The t rans ien t   conduct iv i ty- tempera ture   da ta  i s  a l so   cons i s t en t ,  
with  the  above  theory.  When temperature i s  rapidly  changed,   the  acceptor  
dens i ty  i s  f r o z e n  i n  a t  t h e  l a s t  e q u i l i b r i u m  p o i n t .  T h e r e f o r e ,  t h e  t r a n s -  
i en t  behav io r  i s  dominated by the  p rev ious  h i s to ry  o f  t he  f i lm .  
A s  an example, i f  a f i l m  i s  i n  e q u i l i b r i u m  i n  t h e  i n t r i n s i c  r e g i o n  
( r e g i o n  I )  and i f  t h e  t e m p e r a t u r e  i s  rap id ly  decreased ,  the  acceptor  
dens i ty  would remain a t  t h e  h i g h  v a l u e  se t  a t  t h e  h i g h e r  t e m p e r a t u r e .  
This would compensate the sample making i t  a p p e a r  i n t r i n s i c  t o  much 
lower temperatures than i t  would i f  t h e  s a m p l e s  were a l l o w e d  t o  e q u i l i b r a t e .  
I n  o t h e r  words the  sample  would  appear  to  be much heavier  compensated.  If 
t h e  sample were a t  a low temperature having been slowly cooled from the 
in t r in s i c  r eg ion  and  were suddenly heated up, i t  would behave as i f  i t  
were heavily  compensated i n  r e g i o n  I1 (no negat ive s lope) .  The negat ive 
s l o p e  i n  t h i s  case can  only  resu l t  f rom mobi l i ty  e f fec ts .  These  pred ic t ions  
a r e  b o r n  o u t  f a i r l y  w e l l  a s  shown i n  Fig. 8 f o r  t h e  t r a n s i e n t  case. 
The modified general  model as  presented  can  account  for  the  case  of  
bulk  mater ia l   in   non-oxidizing  environments .  It accounts  for  the  nega- 
t i v e  s l o p e  i n  c o n d u c t i v i t y  t e m p e r a t u r e  p l o t s  by a l lowing  the  acceptor  
dens i ty  to  vary  wi th  tempera ture .  Oxygen induced  ef fec ts  must  a l so  be  
accounted for and are d iscussed  in  the  fo l lowing  paragraphs .  
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Diffus ion  Model. - In  t h i s  model i t  is assumed t h a t  oxygen d i f f u s e s  
in to  and  out  of  the  z inc  oxide  f i lm and ,  as a resu l t ,  induces  changes  i n  
the  f i lm  conduc t iv i ty .  It is  no t  necessa ry  to  cons ide r  t he  time dependence 
i n  o r d e r  t o  d e v e l o p  t h e  model, t he re fo re ,  t hese  w i l l  be  discussed later.  
Since oxygen is the  d i f fusant  which  causes the changes i n  the  conduct iv i ty ,  
one m u s t  consider  its e f f e c t s  on the  system. In equi l ibr ium, the react ions 
for donor zinc atoms are 
and 
ZnX zn+ + e- . 
Adding g ives  
2 ~ n  + 2e- + O2(gas) ; 2zn0 . + (33) 
If two r e a c t i o n  p a r t n e r s  are of t he  same type ,  the  concent ra t ion  of t h i s  
type occurs twice as a f a c t o r .  From the  law of mass a c t i o n  
The concent ra t ion  of z inc  oxide ,  NZnO, i s  incomparably larger than a l l  
o the r   r eac t ion   pa r tne r s ,   t he re fo re ,  i t  remains  unchanged.  Including 
NZnO i n  t h e  c o n s t a n t  K gives  1 
where P is t h e  oxygen p a r t i a l   p r e s s u r e .  From the   cha rge   neu t r a l i t y  
c o n d i t i o n  i f  n = N then  O2  D 
A more realistic condi t ion  is t o  assume t h a t  a l l  acceptors  are 
ionized and only p is small compared t o  t h e  o t h e r  terms i n  t h e  c h a r g e  
n e u t r a l i t y   c o n d i t i o n  [Eq. (16)], i.e., 
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._ . " .. 
n = N  + NA . + D 
Combining  Eqs. (35) and (38) gives  a f o u r t h  o r d e r  e q u a t i o n  i n  n, 
n4 + 2N n + NA2n2 - K P - 0 .  3 -1 A O 2  
So lv ing  fo r  n g ives  
2 
n = 
L 
It has been assumed that N A 
1 
+ 
-112 'I2 " NA 
2 -  
(39) 
is not dependent on the oxygen partial  pressure.  
If   dependent,  i t  can  be  accounted  for  by s u b s t i t u t i n g  i n  Eq. ( 4 0 ) .  A s  
shown by Eq. ( 4 0 ) ,  t h e  a d d i t i o n  of acceptors reduces the dependence of n on 
po2 
. A t  low  oxygen par t ia l  p ressures  the  dependence  approaches  tha t  o f  pure  
donors, Eq. (37). For  comparison  with  the  data  of Fig.  2, i f  t h i s  model is 
t o  h o l d ,  Eq. (37) is a good approximation for most of the oxygen pressure 
range. It should  be remembered t h a t  K i n  t h i s  e x p r e s s i o n  i s  temperature 
dependent. 3 
I f  one  cons ide r s  ano the r  poss ib l e  r eac t ion  
then  fo r  n = N the  dependence i s  D 
n = P  -116 
O2 
I n  t h i s  case where i t  i s  assumed t h a t  t h e  oxygen i s  a l l o w e d  t o  d i f f u s e  
i n t o  and  out  of  the  f i lms ,  the  f i lm should  behave  in  the  equi l ibr ium case 
i n   t h e  same manner as e x h i b i t e d  i n  t h e  non-oxygen environment previously 
discussed.  The only  d i f fe rence  should  be  a reduced conductivity mggnitude. 
The high and medium temperature  data  i s  c o n s i s t e n t  w i t h  t h e  d i f f u s i o n  
model, however, a t  low tempera tures  the  da ta  g ives  a s l o p e  much l a r g e r  t h a n  
t h e  E va lue   p red ic ted .  One cou ld  exp la in  th i s  l a rge  s lope  by p o s t u l a t i n g  
t h a t  a new donor level is  uncovered a t  the expense of the shallow donors.  
A l though  poss ib l e ,  t h i s  seems unl ike ly .  The d i f f u s i o n  model then  lacks  the  
a b i l i t y  t o  e x p l a i n  t h e  low temperature  conduct ivi ty  data .  
d 
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The t r ans i en t  r e sponse  can  be  exp la ined  in  oxygen by t h e  same modi- 
f i e d  model p r e s e n t e d  f o r  non-oxygen environments .  In  other  words,  the 
sample w i l l  r e m a i n  i n t r i n s i c ,  i f  f a s t  c o o l e d  f r o m  t h e  i n t r i n s i c  r e g i o n .  
I f  hea ted  f rom the  low temperature i t  should not  show the  nega t ive  s lope  
region. 
A model has been developed by F r i t z s c h e  f o r  t h e  c o n d u c t i v i t y  when 
the sample i s  h e a t e d  a n d - c o o l e d  i n  vacuum and i n  oxygen  [Ref. 73. The 
model is based on the s tandard semiconductor  model and accounts f o r  d i f -  
fusion of oxygen using ordinary ,diffusion theory,  i.e., 
D = Do exp(- E/kT) . (43) 
F r i t z s c h e ' s  work c o n s i d e r s  i n  some d e t a i l  t h e  case of  constant  heat ing 
and  cooling rates. H i s  model ,   therefore ,   a t tempts   to   expla in   the   t rans-  
ient  response of  conduct ivi ty  with temperature .  
Surface Model. - The observed  decrease  in  conduct iv i ty  wi th  increas ing  
oxygen p res su re  cou ld  be  a t t r i bu ted  to  su r face  e f f ec t s .  In  th i s  mode l ,  t he  
oxygen adsorbed on the surface is assumed to  rob-electrons from the bulk.  
The e f f e c t  is shown i n  Fig.  14.  oAssuming t h a t  0 ions ,  adsorbed on t h e  
s u r f a c e  are separated by 3 - 10 A,  then a monolayer could accommodate 
greater  than 1014 O-/cm2. The d e n s i t y  o f  b u l k  f r e e  e l e c t r o n s  p e r  u n i t  
s u r f a c e  area is e q u a l  t o  t h e  t h i c k n e s s  x 5 x 101%m3. For a one  micron 
f i lm,  a d e n s i t y  of 5 x 10l2  e lectrons/cm3 is obtained. The s u r f a c e  state 
dens i ty  could  therefore  per turb  the  bulk  conductance  in  a v e r y  s i g n i f i c a n t  
manner. 
- 
Several schemes have been proposed which postulates the surface effect  
[Ref. 81. One e f f e c t  i n v o l v e s  a d i sa s soc ia t ion  p rocess  a t  a zinc-r ich 
s u r f a c e  on which the oxygen is adsorbed and desorbed. 
I n  any s u r f a c e  model the  sur face  and  bulk  can  be  t rea ted  as p a r a l l e l  
conductors. There i s  a charge depleted region as one moves away from t h e  
sur face .  The  amount of oxygen adsorbed on the surface w i l l  be dependent on 
t h e  oxygen par t ia l  p ressure  and  the  tempera ture .  The l a r g e  a c t i v a t i o n  
energy  exhib i ted  by  the  f i lm i n  oxygen a t  low tempera tures  could  eas i ly  
r e s u l t  from t h i s  s u r f a c e  e f f e c t .  
The amount of oxygen absorbed on the  sur face  could  be  of  the  Langmuir 
type  such  tha t  
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Figure 14. Surface Model 
where a, b,  and k are constants  and may be temperature dependent. Models 
o f  t h i s  t ype  and  o the r s  have  been  d i scussed  in  the  l i t e r a tu re  by o t h e r  
workers  [Refs. 1, 8, 91. 
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SECTION I11 
SENSOR DESIGN AND CONSTRUCTION 
Sensor Head 
I n  des ign ing  and  f ab r i ca t ing  a l abora to ry  mode l  pa r t i a l  p re s su re  
oxygen sensor ,  two des ign  concep t s  fo r  hea t ing  the  f i lm  were planned 
du r ing  ea r ly  s t ages  o f  th is  work. The f i r s t  w a s  t o  u s e  a s i n g l e  com- 
p o s i t e  s t r u c t u r e  f o r  t h e  h e a t e r ,  z i n c  o x i d e  f i l m ,  a n d  f i l m  s u b s t r a t e  
which could be encased i n  a su i t ab le  in su la t ed  hous ing .  The second 
design would inc lude  separa te  cons t ruc t ion  of  a h e a t e r  a n d  f i l m  s u b s t r a t e  
which could be assembled. The latter design enables  one to  test many 
senso r  f i lms  wi th  one  hea te r  and  a l so  r ep lace  a d e f e c t i v e  s e n s o r  o r  
hea te r  shou ld  i t  f a i l .  The h e a t e r  f o r  b o t h  d e s i g n s  was c y l i n d r i c a l l y  
shaped  wi th  the  f i lm subs t ra te  comple te ly  sur rounding  the  hea ter .  
B a s i c a l l y ,  t h e  h e a t e r  c o n s t r u c t i o n  w a s  t h e  same for  both composi te  sensor  
s t r u c t u r e  and the  assembled  sensor.   Photographs  of a typ ica l  composi te  
sensor  and one with removable  heater  are  shown r e s p e c t i v e l y  i n  F i g s .  15 
and 16. 
The h e a t e r s  f o r  t h e  z i n c  o x i d e  f i l m s  were constructed using nichrome 
wire as  the  hea t ing  e lement .  The wire w a s  wound onto a threaded ceramic 
cy l inder .  The c y l i n d r i c a l  ceramic base  for  suppor t ing  the  w i r e  w a s  
machined  from  unfired lava using a l a t h e .  The diameter  of  the heaters  
were 118 to 114 i nch  wi th  l eng ths  7/16 t o  1 inch.  Next, t h e  l a v a  was 
threaded (60 or 72 t h reads  pe r  i nch )  in  o rde r  t o  ma in ta in  p rope r  spac ing  
for  the nichrome windings and to  enhance uniform heat ing of t h e  t h i n  f i l m  
sensor which would be applied in a l a t te r  process.  The threaded lava 
cy l inder  w a s  f i r e d   i n   a n  oven  wi th  the  tempera ture  increas ing  a t  200°F 
per  hour  unt i l  reaching  2000°F and remaining a t  t h a t  t e m p e r a t u r e  f o r  
approximately 30 minutes. The hea te r  base  was cooled a t  t h e  same r a t e .  
From t h i s  p o i n t ,  t h e  s e n s o r  c o n s t r u c t i o n  d i f f e r s  f o r  t h e  two conceptual  
designs.  
For  the  composi te  des ign ,  the  hea ters  were coated by d ipp ing  in  
porce la in  cement ( seve ra l  t ypes  were used )  a f t e r  w ind ing  the  hea te r s  w i th  
nichrome w i r e .  An a i r  d ry ing  cement ,  oven  f i red ,  and  chemica l  se t t ing  
cements were t e s t e d ,  A f t e r  d r y i n g  o r  f i r i n g  of these  var ious  coa t ings ,  
t h e  s u r f a c e  was much too porous and rough for  applying sat isfactory thin 
f i lms of  z inc.  An at tempt  w a s  made t o  improve  the  sur face  f in i sh  g laz ing  
t h e  ceramic. Although several materials were used ,  none  r e su l t ed  in  su f -  
f i c i e n t l y  smooth sur faces .  A n  addi t iona l  requi rement  was t o  match  thermal 
expansion coeff ic ients  of  expansion of the  z inc  oxide  f i lm and  the  g lass  
coating from room tempera tu re  to  the  600°C necessa ry  fo r  ox id i z ing  the  
z inc  f i lm.  
Further study and experiments with various materials and techniques 
will be  necessa ry  in  o rde r  t o  deve lop  a composi te  s t ruc ture .  It would, 
however, enable  fur ther  reduct ion of  weight  and power requirements.  
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Figure 15. Photograph of a Typica l  Oxygen Sensor  with  Composite 
Construct ion 
Figure 16.  Oxygen Sensor with Substrate and Removable Heater 
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The assembled sensor head design has an advantage over the composite 
d e s i g n  i n  t h a t  t h e  e n t i r e  u n i t  i n c l u d i n g  h e a t e r  a n d  s u b s t r a t e  n e e d  n o t  
experience the high temperatures  of ox ida t ion  requi red  for  forming  the  
oxide f i lms.  The d i s c r e t e  component s t ruc ture  enables  evapora t ion  and  
oxida t ion  of  the  f i lm before  mount ing  on  the  hea ter .  In  the  labora tory ,  
i t  a l so  permi ts  one  assembly  to  be  used  wi th  many z i n c  o x i d e  f i l m s  f o r  
tes t ing  purposes .  
Subs t ra tes  for  Labora tory  Model. - Various  sensor  subs t ra tes ,  
Pyrex, quartz,  alumina, and several types of ceramic,  were used  wi th  the  
z inc  f i lms .  The bes t  adhe rence  be tween  the  f i lm  and  subs t r a t e  a f t e r  
ox id i z ing  the  z inc  f i lms  a t  600°C f o r  4 hours ,  w a s  obtained with alumina 
and  mul l i te .  Severe  pee l ing .of  the  f i lm resu l ted  when q u a r t z  was used as 
a s u b s t r a t e .  A t ubu la r  ce ramic  subs t r a t e  w i th  an  in s ide  d i ame te r  o f  1/8 
inch and a diameter of 3 /16  inch  fo r  t he  ou t s ide  wi th  a length of 7/16 inch 
long was chosen. The s u b s t r a t e s  were c leaned  wi th  a lconox,  t r ich loro-  
e thylene,  water, r insed  in  a lcohol  and  dr ied  before  pa in t ing  bands  a round 
each  end  wi th  l i qu id  b r igh t  p l a t inum to  p rov ide  con tac t  r eg ions  fo r  t he  
sensing fi lm. These gave electrical  con tac t  t o  the  z inc  ox ide  wh ich  d id  
not  degrade with time as d id  the  p rev ious ly  used  l i qu id  b r igh t  go ld  
con tac t s .  Af t e r  f i r i ng  the  l i qu id  b r igh t  p l a t inum areas a t  450°C i n  air, 
they were cooled a t  approximately 100°C per hour. 
After  removing the tubular  substrates  f rom the oven,  they were 
r i n s e d  i n  a l c o h o l  b e f o r e  b e i n g  p l a c e d  i n  a vacuum evaporat ion system for  
depos i t ing  the  z inc  f i lm.  Zinc  f i lms  were prepared  in  th icknesses  ranging  
from 500 t o  1000  with a maximum p r e s s u r e  of t o r r .  The condensation 
rate of t h e  z i n c  o n  t h e  s u b s t r a t e  is very dependent upon t h e  s u b s t r a t e  
temperature  and  previous  surface  treatment: .  The sur face   t rea tments   inc lude  
p recoa t ing  the  su r face  wi th  a t h i n  (< 100 A) silver layer  to  enhance  uni form 
condensation of the  zinc.   Evaporations  have  been  performed  successfully 
wi thout  th i s  precoa t ing  of si lver;  however, some s u b s t r a t e s  showed regions 
of nonuniform thickness for both cooled and uncooled samples.  In addition 
to  precoa t ing ,  the  lower ing  of  subs t ra te  tempera tures  (< 20°C) proved 
use fu l  i n  ob ta in ing  un i fo rm f i lms .  The sleeves were inser ted  over  rods  
approximately the inner  diameter  of  the sleeves and were a t t a c h e d  t o  a 
co ld  p l a t e  coo led  wi th  l i qu id  n i t rogen .  The z inc  concent r ica l ly  coa ted  
t h e  ceramic s u b s t r a t e  w i t h o u t  a n y  n e c e s s i t y  f o r  r o t a t i n g  t h e  s u b s t r a t e  
during the evaporat ion.  The z i n c  wae evapora ted  f rom e i ther  a p o r c e l a i n  
c r u c i b l e  or a tungsten boat .  
Af te r  evapora t ion  of t he  z inc  f i lm ,  it was p l a c e d  i n  a n  oxygen f i l l e d  
tube furnace and heated a t  a rate no  grea te r  than  300'C pe r  hour  to  a maxi- 
mum of 6OO0C and maintained a t  tha t  t empera tu re  fo r  a per iod of  4 t o  8 hours 
depending on fi lm thickness.  A cool ing rate of lese than 2OO0C per  hour  
was u s e d  t o  r e t u r n  t o  room temperature.  Slow heating and cooling prevents 
t he  z inc  ox ide  f i lm  f rom c rack ing  due  to  the  d i f f e ren t  t henna l  expans ion  
coe f f i c i en t s  be tween  f i lm  and  subs t r a t e .  The oxida t ion  process  w a s  con- 
s idered complete  when t h e  f i lm appeared semi-transparent upon t h e  m u l l i t e  
tubes.  
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Several  techniques were i n v e s t i g a t e d  f o r  e lec t r ica l  lead at tachment  
t o  t h e  oxygen s e n s i n g  f i l m .  F i r s t  a t t e m p t s  t o  a t t a c h  t h e  l e a d s  u s e d  a 
conduct ive  g lass  wi th  a silver f i l l e r  and flow solder techniques.  These 
at tempts  were unsuccessfu l  for  long  term opera t ions .  The conduct ive  g lass  
a v a i l a b l e  was f i r e d  a t  425OC and operated a t  4OOOC which probably caused 
t h e  s i l v e r  t o  m i g r a t e  from the  conduc t ive  g l a s s  l eav ing  i t  almost non- 
c o n d u c t i v e .  T h e s e  c o n t a c t s  d e t e r i o r a t e d  o r  f a i l e d  a f t e r  a period  of  between 
one o r  two weeks a f t e r  i n i t i a l  o p e r a t i o n .  
U s i n g  p r e s s u r e  c o n t a c t s  t o  a t t a c h  e lectr ical  l e a d s  was successfu l .  
A small ceramic c o l l a r  j u s t  l a r g e  enough t o  f i t  o v e r  t h e  m u l l i t e  t u b e  was 
threaded s o  t h a t  a set screw app l i ed  p res su re  to  an  e lectr ical  lead.  Using 
t h i s ,  g o l d  wires were f i r s t  u s e d  f o r  e lectr ical  leads; however,  they de- 
graded and fai led.  Upon moving the  go ld  w i r e  t o  a new region of  the f i red-on 
platinum a good c o n t a c t  t o  t h e  f i l m  r e s u l t e d  b u t  t h i s  would also degrade.  
Th i s  i nd ica t ed  tha t  t he  go ld  wires were probably  producing  an  in te rmeta l l ic  
compound a t  the  gold  and  p la t inum in te r face  a t  the elevated temperatures .  
The gold w i r e  w a s  replaced with one made of  plat inum and no fai lures  have 
been  observed  dur ing  tes t ing  per iods  of  approximate ly  two months. 
The in su la t ed  hous ing  fo r  t he  senso r  was cons t ruc ted  us ing  a double 
w a l l  g l a s s  s t r u c t u r e  similar t o  a minia ture  thermos  bot t le .  The i n n e r  walls 
of the housing were coated with s i lver  to  r educe  the  hea t  loss. A f t e r  
coa t ing  wi th  s i lver  the  space  be tween the  inner  walls was evacuated to  
achieve  be t te r  insu la t ion  and  thus  reduce  hea t  loss f rom the  sensor  hea ter .  
The g a s  i n l e t  and o u t l e t  t u b e s  were welded together  to  reduce heat  l o s s  by 
enhancing  hea t  t ransfer  to  the  incoming gas .  The i n l e t  t u b e  was extended 
approximately 2 c m  in to  the  sensor  hous ing  to  permi t  mos t  of  the  gas  to  
pas s  ac ross  the  sens ing  f i lm  as  shown i n  F i g .  1 7 .  
I n  t e s t i n g  t h e  s e n s o r  h e a d  a t  g a s  f l o w  rates less than 40 cm p e r  3 
minute the power requi red  was between 5 and 6 w a t t s  f o r  t h e  h e a t e r .  
Power requirements could be further minimized by reducing  the  present  
sensor head size which weighs 30 gm and occupies less than 30 cm3 space.  
However, for  labora tory  purposes  the  sensor  head  shown i n  F i g s .  18 and 19  
allowed easy access t o  t h e  s e n s o r  a s s e m b l y  f o r  i n t e r m i t t e n t  i n s p e c t i o n  
du r ing   eva lua t ion  tests. Once p re l imina ry   t e s t ing  was completed,   the 
g l a s s  enc losu re  w a s  s e a l e d  t o  t h e  e lectr ical  feedthrough. 
The oxygen p a r t i a l  p r e s s u r e  s e n s o r  d e p e n d s  f o r  i t s  opera t ion  on 
oxygen  induced  changes i n  t h e  r e s i s t a n c e  of  z inc  oxide .  In  order  for  the  
f i lm to  respond to  oxygen pressure  changes  in  reasonable  times, t h e  f i l m  
must  be  maintained a t  a cons tan t  e leva ted  tempera ture .  This  requi res  a 
t empera tu re  con t ro l l e r .  
The t e m p e r a t u r e  c o n t r o l l e r  u t i l i z e s  a platinum resistance thermometer 
i n  a b r i d g e  c i r c u i t .  The ca l ib ra t ion  cu rve  o f  t he  p l a t inum res i s t ance  
thermometer is shown i n  F i g .  20.  The br idge  output  is a p p l i e d  t o  a d i f -  
f e r e n t i a l  a m p l i f i e r  which suppl ies  a p o t e n t i a l  f o r  c o n t r o l l i n g  t h e  c u r r e n c  
through the  hea ter  and  thus  cont ro ls  the  tempera ture  of  the  sens ing  f i lm.  
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Figure 18. Photograph of Oxygen Pa r t i a l  P re s su re  Senso r  Head 
Figure 19 .  Photograph of Oxygen Par t ia l  Pressure  Sensor Head 
with Insulated Housing Removed 
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Figure 20. Platinum  Resistance  Thermometer  Calibration  Curve 
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A  simplified  schematic  is  shown in Fig. 21 and a  complete diagram in 
Fig. 22. At  present,  the heater requires  about 5.5 watts to maintain  a 
temperature of 400OC. The  total power  required for the  entire  unit, in- 
cluding the  heater and temperature controller  is  approximately 8 watts. 
Sensor  Operation 
In using the zinc oxide film  as an  oxygen eensor,  its electrical 
conductivity  must be monitored while maintaining  the film at an  elevated 
temperature, In selecting  the  optimum  temprrature  for sensor operation, 
one  must consider the  power  available  to  heat  the s nsor, accuracy in 
controlling  temperature,  an acceptable time rasponse of the  reneor, ae 
well ae  the electrical conductivity variation  for the oxygen  partial 
preesures of intereet. It is desirable to operate  the  seneor at  tem- 
peratures  exceeding 2OO0C to achieve reasonable  rerponse  times. 
At  this  point  it is derirsble to discurs rome general experimental 
observation8 before defining  and  stating  the actual rerponre  timer en- 
countered with the  renror. 
The  experimental technique for terting  the mnsors at various  partial 
pressures will  be described in  a later  paragraph. In ueing  the  various 
mixtures of oxygen and other gases  such ae nitrogen,  helium,  argon,  and 
carbon  dioxide,  the  time  required  for  the electrical conductivity to reach 
a steady state  value decreased with increasing  concentrations of oxygen in 
the  mixture. The time  responee of the seneor changed a very small amount 
ae the mixture-flow rate  was  varied  indicating a small dependence  upon  the 
temperature of the  gas  in  the  vicinity  of  the  eensor.  This  variation  in 
response  time was observed with the sensor temperature  remaining  conetant. 
The timee  required  to  reach  equilibrium for  a change  from  nitrogen  to 
oxygen  and a change  from oxygen to nitrogen are  ehown  reepectively  in 
Fige. 5 and 6. 
In selecting  the  operating temperature of the  seneor, it  is  informa- 
tive to observe the  conductance  versus reciprocal temperature  plotted in 
Fig. 1. In consideration  of  responee  times  below  temperatures of 2OO0C, 
it was desirable to operate  the  sensor  beyond  the  first  maximum of the 
electrical  conductance. In considering  the  difficulty  and  additional 
circuitry  for  controlling  the  temperature within very  narrow  limits,  the 
ideal  temperature for operation i s  when - is  approximately  zero. The 
sensor  operating  temperature was chosen at approximately 4OOOC as a com- 
promise between  time response  of  the sensor and  the  strict  requirements 
for controlling  the  temperature. 
AG 
AT 
Laboratory Model Evaluation 
The oxygen  sensor models were tested at various  temperatures  and 
the  response  time  recorded. In general,  the  response  time of the  sensors 
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Figure 21. Simplified  Schematic of Temperature  Controller 
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Figure 2 2 .  Schenatic of Temperature Controller 
Symbol 
R 1  
R2 
R3 
R 4  
R5 
R6 
R7 
R8 
R9 
R10 
R12 
R13 
R14  
R15 
R16 
R17  
R18 
R19 
47052 
47052 
4 70Q 
4.7K 
22Q 
200051 
200051 
390052 
47052 
4 70Q 
390052 
12K 
200051 
1820R 
47R 
500R 
lK 
500R 
Table I. Temperature  Controller  Parts L i s t  
Description 
2w WIREWOUND, 5% 
2w WIREWOUND, 5% 
2W WIREWOUND, 5% 
2w WIREWOUND, 5% 
1/4w,  5% 
1/8W METAL FILM, 1% 
1/8W METAL FILM, 1% 
1/8W METAL FILM, 1% 
2w WIREWOUND, 5% 
2W WIREWOUND, 5% 
1/8W METAL FILM, 1% 
1/4W, 5% 
1/8W METAL FILM, 1% 
1/8W METAL FILM, 1% 
1/4w, 5% 
TRIMPOT, 5% 
1/4w 
Platinuni Resistance 
Thermometer a t  43C°C 
Symbol 
R20 
R2 1 
RL 
CR1 
CR2 
CR3 
CR4 
41 
42-43 
44 
Q5 
46 
c1 
c2 
c3  
c4 
c5 
C6 
5 30Q 
50K 
35Q 
1N2068 
1N9658 
1N914 
lN9 14 
2N1038 
12A8 
2N17 11 
2N1711 
2N2646 
33pf 
.033pf 
. l p f  
. lpf 
. lpf  
.003pf 
Description 
2w WIREWOUND, 5% 
TRIMPOT 
NICHROME HEATER 
750 mA 200V DIODE 
15V f 5% 40OmW ZENER 
DIODE 
DIODE 
TRANSISTOR 
DUAL NPN TRANSISTOR 
TRANSISTOR 
TRANSISTOR 
UNIJUNCTION 
15WVDC SOLID TANTALUM 
35WVDC SOLID TANTALUM 
35WVDC SOLID TANTALUM 
35WVDC SOLID TANTALUM 
35WVDC SOLID TANTALUM 
35WVDC SOLID TANTALUM 
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decreased  for  increasing  temperature.  Response  times  are  plotted  as a 
function  of  temperature  in  Figs. 23 and 24. The  time  required for the 
sensor  to  reach 50% of  its  final  value  is  the  response  time  shown  in 
Figs. 23 and 24. Experimental  results  indicated  that  response  times  were 
dependent  upon  whether  the  sensor  was  being  changed  to a more  or  less  con- 
centration  of  oxygen.  Figure 23 illustrates  the  fast  time  response  when 
going from 8 nitrogen  environment  to  an  oxygen  environment.  The  flow 
time  response shown in Fig. 24 was  obtained  for  changing  the  environment 
from  oxygen  to  nitrogen. 
The  oxygen  sensor  has  been  exposed  to  water  vapor  in  various  mixtures 
of  nitrogen  and  oxygen. A simplified  flow  diagram  of  the  gas  system  for 
injecting  water  vapor  into  the  mixcure  is  shown in Fig. 25. The  gas  mixture 
and  flow  rate  was  determined  by  passing  the  individual  gas  through  two 
rotameters  and  then  directly  to  either  the  sensor  housing  or  through a 
reservoir  of  water  before  entering  the  sensor  housing.  The  sensing  film 
experienced a transient  effect  shown  in  Fig. 26 lasting  about 60 minutes 
when  switching  from  dry  gas  mixture  to a moist  gas;  however,  after  each 
successive  exposure  to  the  water  vapor  the  transient  changes  became  less. 
A few  of  the  thicker  films  experienced  nonreversible  changes  in  resistance 
as  shown  in  Fig. 27 when  exposed  to  gas  mixtures  containing  water  vapor. 
A portion  of  the  transient  was  also  associated  with  flushing  the  small . 
volume  associated  with  the  water  reservoir  and  tubing. 
In  testing  the  oxygen  sensor,  commercial  grades  of 99.99% of oxygen, 
nitrogen,  argon,  helium,  and  carbon  dioxide  were  used.  The  various 
mixtures  -were  obtained  using  rotameters  and  controlling  the  individual 
flow  rates  with  needle  valves.  Each  mixture  was  then  fed  to  the  sensor 
housing  at a flow  rate  of 30 cm  per  minute.  The  absolute  pressure of the 
gases  during  the  sensor  testing  was  held  at  one  atmosphere. 
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The  sensor  prototype  was  tested  for  oxygen  partial  pressures  ranging 
from 0.76 to 760 torr  as  shown  in  Figs. 28 and 29. From  Fig. 28, the fol- 
lowing  sensitivity  expression  was  obtained 
L 
For  example,  calculating  the  sensitivity  at 160 torr  oxygen  level  using 
data  shown  in  Fig. 28 yields 
- AR 
- R L: 1.25 x torr -1 . 
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The measurements were performed using various oxygen concentrations i n  
ni t rogen.  In mixing the two gases  the  exper imenta l  e r ror  w a s  less than 
10% fo r  expe r imen ta l  da t a  invo lv ing  pa r t i a l  p re s su re  o f  oxygen. 
Because of t h e  l i m i t e d  t i m e  a v a i l a b l e  f o r  t e s t i n g  t h e  s t a b i l i t y ,  
accu racy ,  and  r e l i ab i l i t y  of the  pro to types ,  many of these tests were 
performed  simultaneously.  A s  a re su l t ,  t he  senso r  expe r i enced  seve re  
thermal  cycl ing,  unusual ly  high f low rates, water vapor  for  long per iods,  
and a var ie ty  of  gas  mixtures .  One sensor  was tes ted  for  approximate ly  
two months and another one for approximately one and one-half months. 
Although unknown, the  senso r  1if.etime has been shown to  exceed  two months 
with no a p p a r e n t  f u t u r e  f a i l u r e  modes. No f a i l u r e s  were obse rved  in  the  
prototypes  tes ted  even  under   the  severe  test condi t ions.  The s t a b i l i t y  
of  one of t h e  s e n s o r s  is  i n d i c a t e d  i n  F i g .  30. The upper  data  points  
were ob ta ined  wi th  the  senso r  in  a 100% ni t rogen environment  a t  40OoC. 
With t h e  same s e n s o r  i n  a 100% oxygen environment a t  400"C, the  lower  da ta  
po in t s  r e su l t ed .  Us ing  th i s  da t a ,  t he  wors t  case of s t a b i l i t y  r e s u l t s  
because of t h e  severe thermal  cycl ing and extreme flow rates of various 
gases mixed wi th  water vapor .  Af te r  cor rec t ing  for  barometr ic  pressure  
f l u c t u a t i o n s  t h e  maximum excursion from the mean oxygen level of 760 t o r r  
w a s  a 37 percent  increase  and  9 .3  percent  decrease corresponding to  286 
t o r r  and 82 t o r r ,  r e s p e c t i v e l y .  I n  t h e  a b s e n c e  of severe thermal   cycl ing 
t b z  s t a b i l i t y  of the  t ransducer  was approximately 5 3 p e r c e n t  a t  760 t o r r  
dxygen level with gas mixtures containing moderate 'amounts of water vapor 
f o r  100 hour t i m e  per iods.  
The sensors  were operated using a power supply  for  the  hea ters  opera ted  
i n  a cons tan t  cur ren t  mode. I n  l a b o r a t o r y  t e s t i n g  t h e  use of a constant  
cu r ren t  t h rough  the  hea te r  pe r fo rmed  sa t i s f ac to r i ly  wi thou t  t he  necess i ty  
of using a t empera tu re  con t ro l l e r .  
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SECTION IV 
CONCLUSIONS 
The f e a s i b i l i t y  o f  u s i n g  t h i n  f i l m s  as sens ing  e lements  for  oxygen 
,par t ia l  p ressure  has  been  inves t iga ted  and  a l a b o r a t o r y  model constructed.  
The work has  centered  i n  two major areas d u r i n g  t h i s  i n v e s t i g a t i o n :  
(1)  prepara t ion  and  charac te r iz ing  z inc  oxide  and  t i n  ox ide  f i lms  to  be  
used  for   oxygen  sensing  e lements ,   and (2) designing  and  constructi ,ng a 
l a b o r a t o r y  m o d e l  s u i t a b l e  f o r  e v a l u a t i n g  t h i n  f i l m s  f o r  s e n s i n g  oxygen 
p a r t i a l  p r e s s u r e .  
Zinc oxide films have been successful ly  prepared and s tudied ex- 
per imenta l ly  and  theore t ica l ly .  Us ing  the  resu l t s  i t  has  been  poss ib le  
t o  f a b r i c a t e  an oxygen p a r t i a l  p r e s s u r e  s e n s o r  u t i l i z i n g  z i n c  o x i d e  f i l m s .  
The laboratory models  proved to  be rugged,  s table ,  and offered a wide 
sensing range of  oxygen par t ia l  pressures .  They are capable  of measuring 
p a r t i a l  p r e s s u r e s  o f  oxygen from less than  1 mmHg t o  g r e a t e r  t h a n  o n e  
atmosphere. T i m e  constants   of   approximately  one  minute  are p o s s i b l e  t o  
o b t a i n  a 6 3  percen t  va lue  o f  t he  oxygen  pa r t i a l  p re s su re .  
Tin oxide doped with zinc w a s  a l s o  i n v e s t i g a t e d  a n d  f o u n d  t o  b e  
s e n s i t i v e  t o  oxygen p a r t i a l  p r e s s u r e s  a t  temperatures less than 300°C. 
The t i n  o x i d e  f i l m s  e x h i b i t e d  more i n s t a b i l i t y  t h a n  f i l m s  of zinc oxide.  
The t i n  oxide f i lms did,  however ,  have much shor t e r  r e sponse  times than 
the  z inc  ox ide .  f i lms .  Due t o  t h e  d i f f i c u l t y  i n  p repa r ing  the  z inc  doped 
t i n  o x i d e  f i l m s  a n d  t h e  i n s t a b i l i t y  a s s o c i a t e d  w i t h  them, f u r t h e r  e f f o r t  
i n   t h i s  area was d iscont inued  in  favor  of  the  more promising zinc oxide 
f i lms  . 
I l l u s t r a t i n g  t h e  f e a s i b i l i t y  o f  u s ing  th in  f i lms  as oxygen sensing 
elements,  a l a b o r a t o r y  model w a s  fabr ica ted  and  eva lua ted .  The oxygen 
p a r t i a l  p r e s s u r e  s e n s o r  c o n s i s t e d  o f  a h e a t e r ,  e lectr ical  readout, and 
t empera tu re  con t ro l l e r .  The en t i r e  un i t  r equ i r ed  approx ima te ly  seven  
watts of power. 
I n  t e s t i n g  t h e  l a b o r a t o r y  model, no f a i l u r e s  were observed  ind ica t ing  
a sensor  lifetime of several months. The use  of  th in  films as oxygen 
sensors  make i t  f e a s i b l e  f o r  t h e  s e n s i n g  h e a d  t o  b e  v e r y  s m a l l  a n d  
l igh tweight .  The sens ing  head  fo r  t he  l abora to ry  model  weighed  approxi- 
mately 30 grams and occupied 30 cm3. 
52 
REFERENCES 
1. Heiland,  G.;  and  Mollwo, E.: "Electronic  Processes  in  Zinc  Oxide", 
Solid  State  Phys.,  Acad.  Press,  Vol. 8, pp. 193-323. 
2. Holland, L.: Vacuum  Deposition of Thin Film, John  Wiley  and  Sons, 
Inc.,  New  York,  1960. 
3.  Matthews, H. E. ; and  Kohnke, E.  E. : "A Preliminary  Study  of  Certain 
Electrical  Properties of Stannic  Oxide  Ceramics",  NASA  CR-376, 
Prepared  under  Grant  No. NsG609, Oklahoma  State  University,  Jan. 
1966. 
4. Bogner, G.: "Messungen  Der  Elecktrischen  Leitfahigkeit  und  Des 
Halleffekts A n  ZnO  Kristallen  und  Ihre  Deutung  Durch  Storbander", 
J.  Phys.  Chem.  Solids,  Pergamon  Press,  Vol.  19,  Nos.  3/4, pp. 235-250, 
1961. 
5 .  Spenke,  Eberhard:  Electronic  Semiconductors,  McGraw-Hill  Book  Co., 
Inc.,  New  York,  1958. 
6. Neuberger, M.: "Zinc  Oxide", AD 425  212,  October  1963. 
7. Fritzsche, H.:  "Der  Einfluib  Von  Gelostem  Sauerstoff  Auf  Die 
Elektrische  Leitfahigkeit  Von  Zinkoxyd", 2. Physik,  Vol.  133, 
p. 422,  1952. 
8. Bevan, D. J. M.; and  Anderson,  J. S . :  "Electronic  Conductivity  and 
Surface  Equilibria of Zinc  Oxide",  Discussions  Faraday  SOC.,  Vol. 
8, p .  238,  1950. 
9. Collins,  R.  J.;  and  Thomas,  D. G.: "Photoconduction  and  Surface 
Effects  with  Zinc  Oxide  Crystals",  Phys.  Rev., Vol. 112, No. 2, 
October  15,  1958. 
53 
BIBLIOGRAPHY 
Baumbach,  H. H.; and  Wagner, C.: Die  elektrische  Leitfahigkeit  von 
Zinkoxyd  und  Cadmiumoxyd. 2. Physikal  Chem. (B),  Vol.  22,  1933, 
pp. 199-211. 
Blakemore, J. S.: Semiconductor Statistig.  Pergamon  Press,  New  York, 
1962. 
Bogner,  G.;  and  Mollwo,  E.:  Uber  Die  Herstellung  von  Zinkoxygeinkri- 
stallen Mit Definierten  Zusltzen. J. Phys.  Chem.  Solids,  Vol. 6, 
1958, pp. 136-143. 
.. 
Delaney, R. A.;  and  Kaiser,  H. D.: Polycrystalline  Zinc  Oxide  Dielectrics. 
Abstract No. 16, IBM  Systems  Development  Division,  East  Fishkill 
Facility,  Hopewell  Junction, N. Y., pp. 41-44. 
Delaney, R. A.;  and  Kaiser,  H.  D.:  Polycrystalline  Zinc  Oxide  Dielectrics. 
J. Electrochem.  SOC.:  SOLID  STATE  SCIENCE,  August  1967, pp. 833-842. 
Dietz, R.  E.;  Kamimura,  H.;  Sturge, M. D.;  and  Yariv,  A.:  Electronic 
Structure  of  Copper  Impurities  in  ZnO.  Phys.  Rev.,  Vol.  132,  No. 4, 
November  15,  1963, pp. 1559-1569. 
Ehrhardt, C.  H.;  and.Lark-Horovitz,  K.:  Intensity  Distribution  in  X-Ray 
and  Electron  Diffraction  Patterns.  Phys.  Rev.,  Vol.  57,  April 1, 1940, 
pp. 603-613. 
Fehlner,  Francis  P.:  Behavior  of  Ultrathin  Zirconium  Films  upon  Exposure 
to  Oxygen. J. Appl.  Phys.,  Vol.  38,  No.  5,  April  1967, pp. 2223-2231. 
Fritzsche,  VOn 0.: Elektrisches  und  optisches  Verhalten  von  Halbleitern. 
X Elektrische  Messungen  an  Zinkoxyd.  Annalen  der  Physik,  5.  Folge, 
Band  22,  1935, pp. 375-401. 
Gerischer, H.: Electrochemical  Behavior  of  Semiconductors  under 
Illumination. J. Electrochem.  SOC.,  Vol.  113,  No. 11, November  1966, 
pp. 1174-1182. 
Hartmann, W.: Elektrische  Untersuchungen  an  oxydischen  Halbleitern. 
Zeits  of  Physik,  Vol.  102,  1936, pp. 709-733. 
L *  
Infrared  Studies  of  Nitrogenous  Residues  and  Their  Effects  on  Photo- 
catalytic  Properties  of  Zinc  Oxide.  N63-17980. 
Jander, W.; and  St-,  Wilhelm:  Der  innere  Aufbau  fester  anorganischer 
Verbindungen  bei  haheren  Temperaturen.  Zeitschrift fiir anorganische 
und  allgemeine  Chemie,  Band  199,  1931, pp. 165-182. 
I 
~ " 
BIBLIOGRAPHY  (continued) 
Kohnke,  E.  E.:  Optical  and  Electrical  Properties  of  Stannic  Oxide 
Crystals. AD 622 703,  October  1965. 
Lander, J.  J.: Concentration of Hydrogen  and  Semiconductivity  in  ZnO 
under  Hydrogen-Ion  Bombardment.  J.  Phys.  Chem.  Solids,  Vol.  3, 
t957, pp. 87-94. 
Levy, 0.; and  Steinberg, M.: The  Adsorption  of  Carbon  Monoxide  on  Zinc 
.. Oxide.  Surface  Science,  Vol. 5, 1966, pp. 385-386. 
Miller,  P. H., Jr.: The  Electrical  Conductivity  of  Zinc  Oxide. Php- 
Rev.,  Vol. 60, December  15,  1941, pp.  890-895- 
Mollwo,  Von E.; and  St6ckmann,  F.:  iiber  die  elektrische  Leitfghigkeit 
von  Zinkoxyd.  Ann.  Physik 161, Val. 3, p. 223, 1948. 
Pourbaix,  M.  J. N.; and  Rorive-Bout6,  Madame C. M.: Graphical  Study 
of  Metallurgical  Equilibria.  Discussions  Faraday  SOC.,  Vol.  4,  1948, 
pp. 139-154. 
Seiyama,  Tetsuro;  and  Kagawa,  Schuichi:  Study  on  a  Detector for Gaseous 
Components  Using  Semiconductive  Thin  Films.  Anal.  Chem.,  Vol.  38, 
NO. 8, July 1966, pp. 1069-1070. 
Stkkmann, F.: iiber  die  elektrische  Leitfxhigkeit  von  Zinkoxyd. 2. 
Physik,  Vol.  127, p. 563,  1950. 
Van  Hove,  H.;  Bohrmann, D.; and  Luyckx, A , :  Slow  Ambient  Insensitive 
Traps  in  Lithium  Doped  Zinc  Oxide.  Surface  Science, Vol. 7,  1967, 
pp. 474-477. 
Wagner,  Carl:  Theorie  der  georducten  Mischphasen. Z. Physikal  Ch. (B), 
Vol. 22, 1933, pp. 181-194. 
VASA-Langley, 1968 - 14 CR-1182 
A :A' ~ ~~ ". 
~~ 
55 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 2054G 
OFFICIAL BUSINESS FIRST CLASS MAIL 
NATIONAL AERONAUTICS i 
POSTAGE AND FEES PATI 
SPACE ADMINISTRATION 
“The aeronautical and space activities of the United Stntes shall be 
conducted so as t o  contribute . . . t o  the expansion of hutJ2an knowl- 
edge of phenomena in the atmosphere and space. The  AdminisIration 
shall provide for the widest prncticable nnd appropriate dissemination 
of informntion concerning its nctivities and the resalts thereof.” 
-NATIONAL AERONAUTICS AND SPACE ACT OF 1958 
NASA SCIENTIFIC A N D  TECHNICAL PUBLICATIONS 
TECHNICAL  REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting  contribution to existing 
knowledge. 
TECHNICAL  NOTES:  Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 
TECHNICAL  MEMORANDUMS: 
Information  receiving limited  distribution 
because of preliminary  data, security classifica- 
tion, or other reasons. 
CONTRACTOR  REPORTS: Scientific and 
technical information generated  under  a NASA 
contract or grant and considered an  important 
contribution to existing knowledge. 
TECHNICAL TRANSLATIONS: Information 
published in a  foreign  language  considered 
to merit  NASA  distribution in English, 
SPECIAL PUBLICATIONS: Information 
derived from or of value to  NASA activides. 
Publications  include  conference  proceedings, 
monographs,  data  compilations,  handbooks, 
sourcebooks, and special bibliographies. 
TECHNOLOGY  UTILIZATION 
PUBLICATIONS:  Information on technology 
used by NASA  that may be of particular 
interest in commercial and  other non-aerospace 
applications.  Publications  include Tech Briefs, 
Technology  Utilization Reports  and  Notes, 
and Technology Surveys. 
Details on the availability of these publications may be obtained from: 
SCIENTIFIC AND TECHNICAL INFORMATION DIVISION 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. 20546 i 
._i 
